A new type of cement, namely the high-belite cement (HBC) has been made in industrial scale in a trial production in China. The kiln feed raw mix proportions are adjusted so as to produce a clinker with the belite phase proportion as high as 60-70%, and alite phase around 15-20%. HBC produced during the trial production was collected and stored. This paper studied the hydration mechanism and hydration product of the new HBC cement. For comparison purpose, both HBC and ordinary Portland cement (OPC) samples were hydrated for various ages and the cement pastes were analyzedfor theirhydration and hardening mechanism using isothermal calorimetry, TG/DTA and XRD. 
INTRODUCTION
Cement industry is responsible for 4-6% of all anthropogenic CO2 emissions. In 2010 global cement production has reached 3,300 M tones. Taking the fact that nearly 0.9 ton CO2 is produced for every 1 ton cement produced, cement industry contributed 2970 M tons of CO2 in 2010 [1] . China has been the largest cement producing country since 1985, with the cement production accounted for over half of the world's total cement since 2006. In 2014, output of cement in China has reached over 2.4 billion tons [2] . The rapid development of cement industry has brought severious environmental problems. It is the responsibility of the cement industry to reduce CO2 emission and energy consumption in cement production process.
The manufacture process of Portland cement emits CO2 in two direct ways. The primary source of CO2 emission is the decomposition of calceous material, mainly limestone resulting in CaO and CO2. The other source is the burning of fossil fuels in order to achieve the sintering temperature in kiln as high as 1450ºC.
In order to reduce CO2 emission and energy consumption, it would be radical to reduce the proportion of alite phase in clinker, which usually occupies around 60% of Portland cement by mass, hence to lower the amount of calceous material needed.
Some cases have been reported to produce low alite clinker in both research and industry, including the production of sulfoferroaluminate-belite cements at industrial scale [3] , alinite based cements based on former USSR patents [4] , belitic cement produced from calcinations at 900ºC [5] , or the use of pozzolanic blended cements. However, problems occurred in all these attempts. Either their property and performance were distance from traditional Portland cement, or their capacity to reduce CO2 emission was proved limited.
The new type of cement, HBC was produced in industrial scale in a sevenday trial project in a BBMG cement factory in Beijing. Altogether three thousand tons of high-belite clinkers were produced. The kiln feed raw mix proportions were adjusted so as to produce a clinker with the belite phase proportion as high as 60-70%, and alite phase around 15-20%. Compared to the manufacture of OPC, the CO2 emission was reduced by about 15%, and the sintering temperature was lowered by 100ºC so that the consumption of fossil fuel and electricity was reduced by over 20% and 10% respectively. The new cement HBC is believed to be a low-carbon and low-energy type of cement with significant potential in reducing gas emission and energy consumption.
The main purpose of this paper is to study the hydration mechanism and hydration product of the new HBC cement. For comparison purpose, both HBC and OPC samples were hydrated and stored for various ages. Then the cement pastes were analyzedfor theirhydration and hardening mechanism using isothermal calorimetry, TG/DTA and XRD analyses. Difference in hydration between OPC and HBC was highlighted in this paper.
MATERIALS AND METHODS

Raw Materials
Two types of cements were used in this research, HBCas well as OPC for comparison purpose. During the trial manufacture, one kg of HBC clinker nodules were taken from the production line every two hours and reserved, which were later ground and mixed together to ensure homogeneity for the clinker sample. Similar to OPC, the high-belite clinker powders were then mixed with about 5% of gypsum in order to control the setting behavior.
The chemical and mineralogical composition of the HBC and OPC determined by means of X-ray fluorescence (XRF) and quantitative X-ray diffraction (XRD) using Rietveld analysis [6] is shown in Table 1 . The XRF analysis results show that HBC has lower content of calcium oxide, and higher content of silicon oxide than OPC. According to the mineralogical phase composition results by XRD, the belite phase, which is mainly composed of β and α´ types, is totally only 17.9% for OPC, while for HBC, the belite phase is as high as 64.4%. On the other hand, alite in OPC is 62.1% of mass, much higher than that of HBC which is 17.3%. The other distinguished characteristic about the mineralogical composition of HBC is that it has much smaller amount of aluminate phase.
Experimental Methods
The hydration studies were conducted on paste samples of neat OPC and HBC with a water-to-cement ratio of 0.5. The samples were cast in polyethylene bottles, sealed and stored at ambient temperature of 25±0.5ºC for the hydration duration of 7, 28, 56, 90 and 180 days. At the designated age, the samples were taken out and analyzed by means of thermo gravimetric analysis (TGA) in N2 atmosphere and XRD.
The samples were first immersed in acetone for two days to stop hydration and stored under N2 atmosphere until measurement. For XRD, the samples were grounded and the measurements were performed immediately in a RigakuUltima IV diffractometer.
For investigations by means of TGA, the hydrated samples were first grounded and dried at 40ºC for 30 minutes. The resulting samples were analyzed in a TA SDTQ600 device at a heating rate of 10 K/min in N2 atmosphere. The analyzed bound water of hydrated phases and the Ca(OH)2 content were calculated by the weight loss in the temperature intervals 50-500ºC and 400-470 ºC respectively.
The hydration flow and heat were measured by a TAM-AIR isothermal calorimeter. For each test 2 grams of deionised water were mixed with 4 grams of cement by hand. Measurements started before mixture occurred so that the first peak of hydrate heat was detected. The hydration measurement usually lasted for 7 days.
Compressive strength tests were performed to explore the mechanical property of HBC. Three mortar prisms (40mmX40mmX160mm) per test age were prepared and tested according to National China standard GB/T 50081-2002. Fig. 1 shows the development of the hydration heat and heat flow of OPC and HBC normalized to the mass of cement with water-to-cement ratio of 0.5. In the case of neat OPC hydration the induction period starts after 1.2 hours of hydration and the acceleration period begins after 2.2 hours. The second maximum heat flow reaches 3.3 mW per gram of OPC. After the peak of heat flow the curve starts to go down into a platform, which is believed a sign of depletion of the calcium sulphate phases and is assigned to a second aluminate reaction resulting in the formation of ettringite or monosulfoaluminate [7, 8] . In the case of neat HBC hydration the induction period starts after 2.4 hours of hydration and the acceleration period begins after 8.6 hours. The second maximum heat flow reaches 2.9 mW per gram of HBC. Different from OPC, the heat flow peak of acceleration period appears before the first peak, which is believed as the hydration heat mainly released by alite. The occurrence of the hydration heat flow peak is correlated with the formation of ettringite without depletion of calcium sulphate.
RESULTS AND DISCUSSION
Calorimetry Test
The overall heat of OPC reaches the value of 329 J per gram of OPC at the end of 7 days of hydration. By comparison, the overall heat of HBC is 188 J per gram of HBC, accounting only 57% of that of OPC. It is probably due to the small proportion of alite and large portion of belite in the HBC.
TGA
The DTG curves of the investigated OPC and HBC samples at 7, 28, 56, 91 and 180 days were shown in Fig. 2 with peaks due to weight losses related to the dehydration of ettringite, AFm and portlandite. The upper curves represent the relative weight loss and lower ones to its derivation. In comparison with OPC, DTG curves of HBC show less weight losses due to the dehydration of portlandite, yet they also show more distinguished peak representing the dehydration of ettringite. 
Portlandite and Bound Water Content
Based on TGA results, portlandite and bound water can be calculated. Fig. 3 shows the portlandite and bound water contents normalized to the mass of cement at the hydration duration of 7, 28, 56, 91 and 180 days. OPC and HBC share the same development of portlandite in their hydration products. The portlandite content keeps increasing until after 91 days and shows a slight decrease at the hydration duration of 180 days. Much higher contents of portlandite in OPC hydration products than in HBC are observed at every test age. The bound water contents, on the other hand, keep increasing with the hydration processes. The contents of bound water in OPC hydration products are slightly higher than in HBC hydration products. 
XRD
The measured XRD diffractograms of the OPC and HBC samples after hydration of 7, 28, 56, 91 and 180 days are shown in Fig. 54 . The identified crystalline phases are ettringite, monosulfate, hemicarbonate, monocarbonate and portlandite. OPC shows minor Bragg lines of ettringite measured at the 7, 28 and 56 days of hydration. After 56 days of hydration, ettringite started to decrease in favor of the formation of monosulfate. Compared to OPC, HBC has more isolated Bragg lines of ettringite especially at 7, 28 and 56 days of hydration. After that, the content of ettringite seems to decrease. Hemicarbonate was found in HBC Bragg lines at 7 and 28 days, and started to show broad peak due to poor crystallinity at 56 days, and the peaks moved towards left in favor of the formation of monosulfate. The portlandite content was found in hydration products of both cements, with much higher intensity for OPC than HBC. Fig. 5 shows the results of compressive and flexural strength testing of HBC and OPC prism samples. The difference in the compressive and flexural strength between the OPC and HBC samples was relatively large at early ages. The difference turned smaller with test age. At the 28th day the compressive strength and flexural strength of OPC and HBC were almost the same. At the 56th day the results of HBC were larger than those of OPC. 
Compressive Strength
CONCLUSIONS
The presented work investigates the hydration products of a new type of HBC and compared with those of OPC. Calorimeter test shows the hydration process of HBC is relatively slower than OPC and the hydration heat in the first seven days of hydration is only 57% of OPC, which is probably due to the difference in the content of alite and belite. The chemical composition of amorphous phase of HBC is almost the same with OPC. For the crystalline phases, ettringite, monosulfate and hemicarbonate are identified in the hydration product of HBC. The hemicarbonate appears until 56 days and monosulfate starts to show in later hydration. The compressive and flexural strength of HBC is lower than OPC at the first 14 days. Later the strengths of HBC increased at higher rate and were found identical to OPC at the 28 th day, and even higher at later hydration. The results show that HBC can satisfy the strength requirement
